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ABSTRACT

A sequestered germline in Metazoa has been argued to be an obstacle to lateral gene transfer (LGT),
though few studies have specifically assessed this claim. Here we test the hypothesis that the origin
of a sequestered germline reduced LGT events in Bilateria (i.e. triploblast lineages) as compared to
early-diverging"™Metazoa (i.e. Ctenophora, Cnidaria, Porifera, and Placozoa). We analyze single-gene
phylogenies‘generated with over 900 species, sampled from among Bacteria, Archaea and Eukaryota
to identify well-supported interdomain LGTs. We focus on interdomain LGT (i.e. those between
prokaryotes@and Metazoa) as systematic errors in single gene tree reconstruction create uncertainties
for interpreting eukaryote-to-eukaryotes transfers. The breadth of the sampled Metazoa enables us to
estimate the timing of LGTs, and to examine the pattern before vs. after the evolution of a sequestered
germline. Weridentified 58 LGTs found only in Metazoa and prokaryotes (i.e. bacteria and/or
archaea), and“7°genes transferred from prokaryotes into Metazoa plus one other eukaryotic clade. Our
analyses indicate that more interdomain transfers occurred before the development of a sequestered

germling, consistent with the hypothesis that this feature is an obstacle to LGT.
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INTRODUCTION

Lateral gene transfer (LGT), the exchange of genetic material from one lineage to
another, has had a substantial impact on biological diversity on Earth (Dagan and Martin
2009, Davison 1999, Gogarten, Doolittle, and Lawrence 2002, Jain et al. 2003, Katz 2012,
Soucy, Huang, and Gogarten 2015, Syvanen 2012). Though lateral gene transfers within and
between bacteria and archaea are relatively common (Doolittle 1999, Grant and Katz 2014,
Katz 2015, Nelson et al. 1999, Ochman, Lawrence, and Groisman 2000), the contributions of
interdomain LGT from bacteria or archaea into eukaryotes is less well understood (Andersson
2005, Boto 2014, Keeling and Palmer 2008, Syvanen 2012, Wijayawardena, Minchella, and
DeWoody 2013). In particular, the contribution of interdomain LGT across the metazoan tree
of life is upeleak@due to a dearth of taxon-rich analyses that include both metazoan and
bacterial/archaeal lineages.

There are numerous approaches for distinguishing laterally transferred genes from
vertically inherited genes (i.e. genes passed down within a lineage). One approach is to
analyze phylogenetic trees generated from homologs sampled from diverse taxa, and then
examine the results for incongruence (Keeling and Palmer 2008). A gene tree is identified as
incongruent when the evolutionary relationships between the species are discordant with
established phylogenetic relationships and LGT provides a parsimonious explanation for the
incongruence (Dagan 2011, Keeling and Palmer 2008). While this methodology is
appropriate for identifying ancient LGT events, limited or biased taxon sampling and poor
data quality can be problematic in interpreting patterns in single gene trees (Ragan, Harlow,
and Beiko 2006). Fortunately, the growing availability of whole genomes is alleviating these
shortcomings.

An alternative to gene tree analyses is to use methods that assess patterns in sequence
4
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composition, though these methods work best for recent events. For example, differences in
the composition of one gene compared to another or codon frequencies can be compared
(Lawrence and Hendrickson 2003, Ragan 2001). While these methods often yield larger
numbers of anomalies and don’t require as broad a taxon sampling, these parametric methods
have their own set of disadvantages as distinguishing causes for changes in compositional
bias can be challenging.. Most importantly for the current study, foreign genes begin to
resemble the genome around them over time and gene loss/duplication can confound results
(Lawrence and Ochman 2002). As a result, studies examining the same transcriptomes but
using different parameters to generate different sets of putative lateral gene transfers can
yield conflicting results (Ragan, Harlow, and Beiko 2006).

After finding laterally transferred genes, determining the function of these genes can reveal the
role of LGT within lineages. Laterally transferred genes arguably confer adaptive functions and novel
traits (Schonknecht et al. 2013), the most notable example being the massive endosymbiotic gene
transfers (EGTin.eukaryotes from mitochondria and plastids (Keeling and Palmer 2008, Andersson
2005, Katz:2002)=kowever, outside of EGT, laterally transferred genes found in eukaryotes tend to
be metabolic genes (Jain, Rivera, and Lake 1999, Jain et al. 2003, Keeling and Palmer 2008, Koning
et al. 2000). Similarly, in bacteria many LGTs are involved in metabolic functions (Pal, Papp, and
Lercher 2005, Lehmann and Richardson 2010, Whitaker, McConkey, and Westhead 2009). Dubbed
“The ComplexitysHypothesis”, Jain et al. (1999) proposed that the ‘operational’ genes often involved
in cellulammetabolism are much more likely to be successfully transferred than ‘informational’ genes
that are part of complex networks. In other words, metabolic and house-keeping processes that only
involve two or three protein interactions are more likely to be successfully exchanged among lineages

(Whitaker, McCeankey, and Westhead 2009).

The impact of LGT in Metazoa has been assumed to be low based on the hypothesis
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that the sequestered metazoan germline is an obstacle to LGT (Andersson 2005, Andersson,
Doolittle, and Nesbg 2001, Boto 2010, Doolittle 1999, Huang 2013, Katz 2002, Keeling and
Palmer 2008, Schdnknecht, Weber, and Lercher 2014). However, not all Metazoa have a
sequestered germline, as germline determination is more fluid among early-diverging
lineages (i.e. Ctenophora, Cnidaria, Porifera, and Placozoa). The absence of a sequestered
germline in early-diverging Metazoa might lead to an increase in LGT rates because: 1) germ
cells are more accessible to foreign DNA throughout their lifespan; and 2) the presence of
totipotent cell lines that can take on a variety of fates during the life cycle (including
gametes) provides more opportunities for transfer (Alie et al. 2011, David 2012, Funayama
2010, Juliang, Swartz, and Wessel 2010). Germ cells of some early-diverging metazoan
lineages often move throughout the body or line the inside of the gut (Brusca and Brusca
2003, Gaino, Burlando, and Buffa 1986, Gaino et al. 1984, Nishimiya-Fujisawa and
Kobayashi.2012, Simpson 1980, 1984). In contrast, germ cells in Bilateria (i.e. triploblasts)
generally migrate during development to a specific location away from the gut where they are
sheltered from foreign DNA by layers of tissue (Ewen-Campen, Schwager, and Extavour
2010, Extavour 2007, Lehmann and Richardson 2010, Starz-Gaiano and Lehmann 2001).
Among Bilateria, it is generally only the primordial germ cells (PGCs) that are capable of
differentiating into gametes, and somatic cells have no gametogenic potential (Extavour and
Akam 2003).

Numerous studies have explored laterally transferred genes in metazoan lineages
demonstrating that LGT is at least possible in lineages with and without sequestered germline
(Boschetti et al. 2012, Cobbs et al. 2013, Crisp et al. 2015, Danchin et al. 2010, Gladyshev,
Meselson, and Arkhipova 2008, Klasson et al. 2009, Kondrashov et al. 2006, Nikoh and

Nakabachi 2009, Paganini et al. 2012, Sloan and Moran 2012, Starcevic et al. 2008). Perhaps
6
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the most well-known example stems from the symbiotic relationship involving arthropods
and nematodes and the bacterial genus Wolbachia, which has been shown to be a donor of
laterally transferred genes in diverse insect lineages (Dunning Hotopp 2011). In nematodes,
lateral gene transfer may have played a key role in the development of plant parasitism
(Haegeman, Jones, and Danchin 2011). Laterally transferred genes have also been found in
chordates as the potential source for a cellulose synthase gene in Ciona intestinalis
(Nakashima et al. 2004). Among early-diverging Metazoa, the biomineralization gene in
sponges may be the product of LGT (Jackson et al. 2011). Lastly, 71 genes found in the
detailed examination of the Hydra genome had strongly supported LGT origins (Chapman et
al. 2010). These studies primarily focus on detecting very recent LGT in a small number of
metazoan species.

Here we assess a set of single gene trees generated by a taxon-rich phylogenomic
pipeline(Grant.and Katz 2014) to test the hypothesis that the evolution of a sequestered
germline reducedithe number of lateral gene transfers into Bilateria. In order to diminish the
chances of misinterpreting the systematic errors that confound the topologies of individual
gene treesiat the time scales relevant for this study (i.e. 100s of millions of years), we chose
to focus onfinterdomain ‘presence/absence’ genes. These genes are defined based on their
presence onlyin'a monophyletic clade of Metazoa plus prokaryotes (bacteria and/or archaea),
and their absence in all other eukaryotes (Figure 1). The resulting ‘presence/absence’ genes
were eithera)"present in the last common ancestor of Metazoa and bacteria or archaea, then
lost in every other lineage since, or b) the product of a lateral gene transfer event. Placing the
resulting LGIsonto a metazoan phylogeny allows us to determine the approximate time of
lateral transfer for each individual gene. As the evolution of a sequestered germline happened

near the time protostomes and deuterostomes diverged (i.e. just at the base of Bilateria), we
7
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compared the number of laterally transferred genes in Bilateria to the number of genes

laterally transferred in early-diverging lineages that lack a sequestered germline.

METHODBS
Phylogenomic Ripeline

Single‘gene alignments and trees were built using a phylogenetic pipeline (Grant and
Katz 2014) with a modified taxonomic dataset that aimed to capture a greater number of
animal lineages. In brief, this pipeline starts with set of protein coding genes from taxa of
interest, and then uses BLAST (Altschul et al. 1990) to compile them into homologous
clusters as determined by OrthoMCL DB (Chen et al. 2006). Then, custom python scripts
refined data fromyeach taxon by removing nearly identical sequences (i.e. alleles) and highly
divergent.sequences (i.e. those sharing only motifs) as described in Grant and Katz (2014).
Multisequence.alignments are generated using Guidance (Penn et al. 2010), which also
allows for the automated removal of poorly-fitting taxa and columns.

The pipeline includes data from 910 taxa chosen to broadly represent the three domains
of life, inclading489 eukaryotes, 303 bacteria and 118 archaea. The metazoan taxa were
chosen to capture a broad diversity of lineages in order to accurately place ancient transfer
events in metazoan evolution. At the same time, we sought some level of evenness between
the early"diverging lineages and the more thoroughly sampled bilaterian lineages to prevent
bias from oversampling recent events in one portion of the tree compared to the other. In
total, 61 Metazea were included in this study, of which 25 were early-diverging and 36 were
Bilaterian (29 protostomes and 17 deuterostomes; Table S1). The level of available data

varied among lineages with some represented by whole genomes and others by ESTSs or
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RNAseq data (Table S1).

Finding presence/absence genes in only Metazoa and bacteria/archaea

We identified,a total of 58 genes that are found only in Metazoa and bacteria and/or
archaea (ig. presence/absence data; Figure 1) from the 1575 alignments that included >2
Metazoa taxa and >2 bacterial and/or archaeal lineages (please see Supplementary Figure S1
for a schemati¢’of the process). With the original 1575 trees as a starting point, we used
custom Python seripts based on the tree walking methods in p4 (Price, Dehal, and Arkin
2009, 2010) to assess the relationships in the tree topologies and identify 310 candidate
laterally transferred genes (i.e. genes with Metazoa sister to bacteria and/or archaea). To
assess presencefabsence data further, we searched that pool of 310 candidates for genes found
only in Metazoa and bacteria and/or archaea using additional custom Python scripts (Figure
1). To control for.contamination and recent LGT, each gene tree could contain up to two non-
sister (e.g. not.next to one another) single eukaryotes, resulting in 193 potential
presence/absence genes. The pipeline, which was developed to assess deep phylogenetic
relationships, uses a relaxed criterion for sequence and taxon scoring in Guidance (Penn et al.
2010). To increase our confidence in the homology of the presence/absence genes, we
realigned the 193 gene sequences with the more stringent default settings for removing non-
orthologous taxa. This generated a set of 72 putative presence/absence genes. We then
eliminated any"alignments with fewer than 10 total sequences or only 1 metazoan species
(regardless of the number of paralogs). The remaining 65 alignments were then inspected by
eye and an additional six alignments were removed because the alignment quality did not
meet our Striet standards, for example by having non-monophyletic Metazoa. This resulted in

a final count of 58 presence/absence genes.
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Topologies with two LGT Events

In addition to the presence/absence genes, we also found seven genes with topologies
indicative ofitw@ iaterdomain LGT events: one into Metazoa and another into a different
eukaryotig,clade. Among the remaining 1517 single-gene trees after finding
presence/absence,genes, 15 gene trees showed topologies consistent with two interdomain
LGT eventsiavolving Metazoa. We further used RAXML, (PROTGAMMALG model with
default parameters, 100 bootstrap replicates) to bootstrap these trees and assess the support
for the topological relationships. We found two topological trends: a metazoan clade and one
other eukaryotic clade each nested within bacteria (Figure 2a), and a metazoan clade and
another cladesefitwo photosynthetic eukaryotic groups, one nested within the other (Figure
2b). We requiredithe Metazoa and other eukaryotic clade to be separated by a bootstrap value
of 70 or.greater.to increase confidence in resulting data. These criteria resulted in detection of

seven genes, each'with two topologically well-supported lateral gene transfer events.

Determining the Timing of LGT Events

To determine the approximate time of transfer and placement on our phylogeny, we
assumed that'each gene was transferred into Metazoa once and into the last common
ancestors of the taxa containing the gene. Any nested ‘missing’ taxa were assumed to have
lost the 'gene; " which is consistent with evidence for rampant gene loss among eukaryotes
(Katz 2015, Wolfand Koonin 2013). For example, if the gene was found in cnidarian and
bilaterian taxagwe inferred the LGT event occurred before the divergence of cnidarians and
bilaterians(Rigure 3; event D). An alternative here would be to infer one interdomain LGT

followed by LGT within Metazoa, which is possible but less likely. If a gene was only found
10
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in cnidarians, the transfer was assumed to have occurred after the divergence of cnidarians
(Figure 3; event E). We recognize that our approach will misrepresent the timing of LGT
events that occurred early and were then lost in non-triploblastic lineages.

For thepurpese of visualizing the approximate transfer times for the genes we found,
we createdythe synthetic tree shown in Figure 3. We generated this phylogeny of the
metazoan taxa imcluded in our pipeline by concatenating vertically transferred genes and
building a phylogeny in RAXML. Then, the tree was adjusted to reflect the arrangement of
major metazoan phyla found in (Ryan et al. 2013), creating a synthetic tree of relationships
among taxa in our pipeline. To illustrate the approximate timing of events, branches with an

LGT event was assigned a letter (Figure 3) corresponding to Table 1 and Table S2.

AssessingGene Runction

A representative sequence from each of the 58 presence/absence genes was passed
through the KEGG BLAST tool (Kanehisa and Goto 2000) to determine gene names and
functions based upon the KEGG BRITE Hierarchy Ontology. We used a human or other
‘model’ organism as the representative sequence for a gene when available. If multiple
functional gategories were available, we choose the function that appeared most applicable to

both bacteriafarchaea and metazoan, though certainly functions have changed over time.

RESULTS

Consistent with the hypothesis that a sequestered germline creates an obstacle to LGT

in Metazoa (e.g. Andersson 2005, Keeling and Palmer 2008), our analyses reveal a greater
11
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number of gene transfers before the development of a sequestered germline in bilaterian
animals. A total of 58 genes satisfied our ‘presence/absence’ criteria for LGT as they are only
found in bacteria/archaea and Metazoa (Table 2, Figure 1). Of those 58 interdomain LGTS,
we found 34,genés,transferred prior to the evolution of the sequestered germline (Table 2,
Figure 3; events A-F) as these genes were present in at least one of the 25 early-diverging
lineages ineluded. in our analyses (Table S1). In contrast, we only detect 24 LGT events
restricted to Bilateria (Table 2, Figure 3; events G-P), where we had 36 species sampled
(Table S1). If the'detection of LGT events is dependent only on the number of species
sampled, then the,distributions — 34 LGTs into 25 species and 24 LGTs into 36 species — are
significantly different based on goodness-of-fit G-test (p-value = 0.0069), with an over-
abundance ofievents into early-diverging lineages.

Only one gene (OG5_139285, RENBP) appears to have been transferred from
prokaryotes.into.the last common ancestor of Metazoa (Table 1, Table S2, Figure 3; event A).
Of the remaining 33 genes, our analyses reveal that seven genes were transferred before the
divergence of sponges (Table 2, Figure 3; event B), four before the divergence of Placozoa
(Table 2, Figure 3; event C), 13 before the divergence of cnidarians (Table 2, Figure 3; event
D), and seyven before the divergence of protostomes and deuterostomes (Table 2, Figure 3;
event F); though interpretation must be made with caution given debates on relationships
among these early lineages (Shu et al. 2014, Just, Kristensen, and Olesen 2014, Ryan et al.
2013, Edgecombe et al. 2011). Finally, two laterally transferred genes were found in
cnidarians alone (Figure 3; event E).

Within Bilateria, we found a total of 24 genes laterally transferred into either
protostomeswer.deuterostomes and thus after acquisition of a sequestered germline at the base

of Bilateria. Ten of these genes were found in only deuterostomes, while the other 14 were
12
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found only in protostomes (Table 2). Further, seven of the ten were present only in
vertebrates (fishes, mammals, and birds; Figure 3; event H) and two genes were present
exclusively in.mammals (Figure 3; event I). Of the 14 genes laterally transferred into
protostomes;.only.ene gene was transferred before the split of Lophotrocozoa and Ecdysozoa
(Figure 3;vent J); the remaining 13 were present exclusively in Ecdysozoa. Nine of those 13
were transferredyinto arthropods (Figure 3; events M-P). Two genes were present in just
nematodes (Figure 3; event L) and two genes appear to have been transferred before the split
of nematodes and arthropods (Figure 3; event K).

Out of the seven gene topologies supporting two LGT events (i.e. genes present in
bacteria/archaea, Metazoa and one other eukaryotic group), all seven were transferred before
the development,ef a sequestered germline. Two trends within the topologies emerged upon
examinatign: the‘'non-metazoan monophyletic branch contained eukaryotes of a single major
clade (often parasitic, e.g. Entamoeba, and Trichomonas vaginalis) (Figure 2a) or consisted
of two plastid-containing eukaryotes (one nested within the other, such as haptophytes and
photosynthetic dinoflagellates) (Figure 2b). The trees with transfers into plastid-containing
eukaryotes suggest that these genes may be the result of endosymbiotic gene transfer into the

photosynthetic lineages.

Laterally Transferred Genes Serve Primarily Metabolic Functions

Weused"KEGG classification to assign putative gene functions for 34 of the 58 genes,
with the remaining gene functions unknown/hypothetical. Of the 34 genes with known
functions, the majority (16) are metabolic (Table 1, Table S2). Transporters made up the next
most numeraus,category with 13 genes, eight of which belonged to the solute carrier family

(SLC; Table 1). The remaining genes represent diverse functions: DNA repair (2), genetic
13
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information processing (1), spliceosome-associated (1), and signal transduction (1) (Table 1).
The large number of unknown/hypothetic genes may represent genes with lineage-specific

functions.

DISCUSSION

Estimated rates of LGT are affected by germline sequestration, gene loss, genome size, and data

quality

Our data reveal that the evolution of a sequestered germline is associated with a decrease in the
rate of interdemain lateral gene transfer (Figure 3, Table 2). We find a greater proportion of
interdomain LGTS (34 out of 58) into lineages that predate the evolution of a sequestered germline
even though we sampled fewer of these lineages than Bilateria (25 vs 36 species, respectively; Fig 1).
Additional biases,in our data include a greater number and higher quality data (i.e. more complete
genomeS) from.Bilateria, and both a longer timespan for gene loss and tendency for smaller genomes
in early-diverging lineages. Despite these, we found that the number of genes transferred into
Metazoa béforethe'evolution of a sequestered germline is significantly different (p-value <0.01) than

the number of genes transferred into metazoans with a sequestered germline.

Previous claims that LGT is rare in Metazoa have generally failed to consider the fact that not
all metazoans have.a sequestered germline. Early-diverging metazoan lineages generally lack a
sequestered,germline and there is a greater chance for their gamete-producing cells to come in contact
with foreign:RINAC For example, cnidarian gonads are most often located in the gastrodermis, the
interior lining of the cnidarian ‘gut’ or other structures close to the gut (Brusca and Brusca 2003,

Eckelbarger, Tylerpand Langton 1998, Galliot et al. 2006, Nishimiya-Fujisawa and Kobayashi 2012,

14
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298  Wedi and Dunn 1983). In ctenophores, the gonads form along different ‘canals’ depending upon the
299  species, all of which connect to the ‘gut’ at some point (Brusca and Brusca 2003, Harbison and Miller
300 1986, Komai 1922). Although poriferans have no designated gonads, two cell types are typically

301  responsible for transforming into gametes: 1) the choanocytes that line the internal water-filtering
302  systemsmandsaresresponsible for catching and ingesting nutrients and 2) archeocytes, a totipotent

303  amoeboid cellthat'moves throughout the body of the sponge (Brusca and Brusca 2003, Funayama
304 2010, Gaing, Burlando, and Buffa 1986, Gaino et al. 1984, Simpson 1980, 1984, Tsurumi and

305  Reiswig 1997).4As)such, the gametogenic cells in these early-diverging lineages either exist in close
306  quarters to digestion, an area likely to come in contact with foreign DNA, or are responsible for

307  ingestion themselves, all of which could increase their rate of LGT in comparison to Bilateria

308 lineages.
309 An alternative explanation for the larger proportion of genes transferred into early-diverging
310 lineages is that'early-diverging Metazoa have been around longer and thus have had more time for

311  LGT toloccur. Although the exact dating and divergence of Metazoa is debated (Shu et al. 2014,
312  Edgecombe etsal-2011), Metazoa likely first emerged around 800 million years ago (mya) while the
313  divergence of Bilateria occurred approximately 550 mya (Erwin et al. 2011), leaving ~250 mya for
314  early-diverging metazoans to acquire more genes from bacteria (as well as an extra ~250 million years
315  to lose genes;'seemext paragraph). However, we sampled more Bilaterian than early-diverging

316 lineages andthesspecies richness of Bilaterian lineages (particularly Arthropoda) dwarf that of early-
317  diverging metazoans (Zhang 2013). Both these factors should bias towards more detection of LGT
318  among Bilateria, even given our requirement that an LGT event be found in at least two descendant
319 lineages. Insteadyour analyses show that a larger number of genes were transferred into Metazoa
320  during the Smallertimespan before the evolution of a sequestered germline, whereas we found fewer
321  genes transferred into Bilateria since the development of a germline. Our data reveal that at least 32

322 genes were transferred from prokaryotes in the relatively short ~250 million years between the
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divergence of Metazoa and the development of a sequestered germline (A+B + C+ D + F, all
transfers that were present in Early Diverging and Bilaterian taxa), while only 24 genes were

transferrediinto Bilateria in the ~550 million years since.

An additionalrcaveat that may lead to an underestimate of early LGT events is the relatively
small genomes in the sampled early-diverging metazoan lineages. For example, eleven of the
deuterostome, genemes included in this study have one billion or more base pairs compared to just two
of the protostemes and two of the early-diverging lineages (Gregory 2016). Given that gene loss is so
common throughout evolution (Keeling and Palmer 2008, Katz 2015, Wolf and Koonin 2013), it’s
possible that;many.l GTs are lost during genomic streamlining in metazoans with very small
genomes, likesthose in early-diverging species. Conversely, the larger genomes found throughout
Bilateria might create the opposite problem, particularly in the deuterostomes: larger genomes may
undergo less genomic streamlining (Gregory 2001, Lynch and Conery 2000, Wolf and Koonin 2013),
resulting in.more LGT-tolerant genomes (Table S1) and possibly an overestimate of LGTs. For
example, theapparent pulse of transfer events in vertebrates (Table 2, Figure 3; event H) could be
explained as.either independent LGTs into deuterostomes, or the retention of genes transferred
sometime before the divergence of deuterostomes and protostomes but then lost in lineages with

smaller gengmes.

Finally, the quality of the data also affects the patterns found in this study even though we
used strict criteria for interpreting interdomain LGTs. Many of the early-diverging taxa do not yet
have whole genome sequences available and, as a result, we used ESTs or RNAseq data. As such,
genes transferred before the development of a sequestered germline may not have been present in
these incomplete datasets. For example, the 13 genes in event D (Figure 3) may have been transferred
sometime before the divergence of cnidarians, but may not have been detected in our analyses due to

poor sequencing data from early-diverging lineages. Overall, the quality and quantity of Bilaterian
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genomic data are better than for early diverging lineages, which makes finding laterally transferred

genes in early diverging lineages more challenging.

Whenseambined with our strict criteria (i.e. ‘presence/absence’ genes found only in
prokaryotes andat least two metazoan), the differences in the quality of the underlying data likely
lowered the;number of inferred LGTs found among individual early-diverging phyla (e.g. Figure 3;
event E). Forexample, our criteria require that the gene be present in at least two Metazoa, but since
sequences aresenly available for one species (Trichoplax adhaerens) in phylum Placozoa, we cannot
detect any ancient LGT that occurred after their divergence. In sum, the biased distribution of non-
whole genome,datasamong early-diverging taxa likely leads to an underestimate of the role of a

sequesteredsgermline in blocking LGTs as early LGT events were more likely to go undetected.

Life history could result in “weak-links” and higher chances of LGT among different lineages

Lateral gene transfers might also be enhanced in lineages that have life history stages that
increase_exposure to potential donor lineages (i.e. the “weak-link model” (Huang 2013)). Weak-links
associated with specific lifestyles could include harboring endosymbionts or parasites (e.g. Wolbachia
in arthropods,and.nematodes), external fertilization, and the retention of totipotent cells throughout
adulthood (often associated with regeneration and asexual reproduction) (Huang 2013). Many early-
diverging Metazoa exhibit these traits (David 2012, Extavour et al. 2005, Funayama 2010, Galliot et
al. 2006, Juliano, Swartz, and Wessel 2010, Nishimiya-Fujisawa and Kobayashi 2012, Tsurumi and
Reiswig:997),but some Bilateria do as well including Planaria (Agata and Inoue 2012, Newmark,
Wang, and Chong2008), some species of newt (Okamoto et al. 2007), echinoderms (Shibata et al.
2010), and others (Collins et al. 2013, Giani et al. 2011, Newmark, Wang, and Chong 2008). In
particular, bdelloid rotifers serve as an exceptional example of a ‘weak-link” lifestyle leading to

rampant LGT in a protostome; bdelloid rotifers survive desiccation and genome decay periodically,
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which likely makes incorporating laterally transferred genes into the genome much easier (Flot et al.
2013). Indeed, recent studies examining several species of bdelloid rotifers have found that large
portions ofitheir genomes are from foreign sources (Boschetti et al. 2012, Flot et al. 2013, Eyres et al.
2015). Although we did not include any bdelloid rotifers in our study, we do agree that bdelloid
rotifers servesassarelear example of ‘weak-link’ taxa with increased potential for LGT. We did sample
two bilateriansspecies (Schistosoma mansoni and Capitella teleta) exhibiting weak-link traits, and we
find no evidence of increased LGTs into these lineages (Figure 3), possibly because we did not
include LGJs intoya single species. However, we predict that additional examples will be found with

the emergence of‘data from more diverse lineages.

Comparisons of our insights to other studies

We alsojused our pipeline to examine laterally transferred genes reported in other studies
(Boschettigetzal2042, Crisp et al. 2015). Upon examining 394 genes individually reported to be found
in H. sapiens, D.melanogaster, and C. elegans, we found that nearly half (177) of these genes
mapped to the same Ortholog Group (i.e. they represent paralogs) number, leaving 217 putative
laterally transferred genes. Of these, 97 gene trees were found in our pipeline and, using custom
Python scripts;;we asked to what degree the remaining 97 gene trees satisfied our criteria for LGT
between bacteria/archaea and metazoan . Only three genes passed our criteria for interdomain lateral
gene transfer and are included and reported in this study. Two are part of the 58 presence/absence
genes (Figure 3 and Table S2; event L), while one is in the reported topologies with more than one
LGT (a gene.named NQOL, transferred before deuterostomes and protostomes diverged,
OG5_138113).Ihe remaining genes did not match our more conservative criteria as they are either
not found ingmore than one metazoan ‘recipient’ lineage OR are found in gene trees with other
eukaryotes; we'cheose to focus only on interdomain LGTs given the systematic errors that can lead to

incorrect topologies in single gene trees capturing hundreds of millions of years of evolution.
18

This article is protected by copyright. All rights reserved.



396

397

398

399

400

401

402

403

404

405

406

407

408

409

410

411

412

413

414

415

416

417

418

419

420

The small overlap between our final dataset and the datasets of Crisp et al. (2015) and Boschetti
et al. (2012) is expected. It’s common for studies that use different methodologies and criteria to come
up with different final datasets (Lawrence and Hendrickson 2003, Ragan 2001, Dagan 2011,
Lawrence and Ochman 2002). Also, since these studies considered intradomain LGT, many of the
genes foundsinsCrisp et al. (2015) and Boschetti et al. (2012) are also present in non-metazoan
eukaryotesandwould have been removed under our criteria for interdomain LGTs. Furthermore, both
Boschetti et al. (2012) and Crisp et al. (2015) used surrogate methods with unique parameters to
search for L&Tgiin,C. elegans and reported different numbers of found genes between themselves.
Ultimately, all'three studies (Boschetti et al. (2012), Crisp et al. (2015), and our own) used different
approaches and parameters to address distinct questions, making it difficult to accurately compare

across the threes

The majority of proteins involved in LGT events have metabolic or transport roles

Although.enly 34 of the 58 presence/absence genes had known functions, the majority of these
(16) are involved in metabolism, with the remaining 18 genes scattered into a few other functional
categories (able 1). This is consistent with the types of genes transferred among bacteria (Pal, Papp,
and Lercher 2005). While LGT has been considered a source of adaptive traits (Schonknecht, Weber,
and Lercher2014), the majority of LGTs tend to serve metabolic functions, perhaps because these
genes are able to integrate into comparatively simple metabolic gene networks as opposed to more
complicated ones (Jain, Rivera, and Lake 1999). Transporters were the next most numerous (13
genes) functional category found, likely because membrane transport genes are quite common.
Membrane proteins themselves make up 27% of all human protein-coding genes, of which the solute
carrier familysis the second largest family with at least 50 defined families (Fredriksson et al. 2008,
Almen et al. 2009)., The eight SLC genes found here (Table 1, Table S2) were from a variety of SLC

families.
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Limitationssand future work

The methodology we used in this study enabled us to find instances of interdomain LGT in
lineages across the metazoan tree of life. However, we acknowledge that there are numerous
limitations te.our analyses. For example, some taxa have only transcriptome data or limited amounts
of whole genome data available, and these biases are likely greater among early-diverging lineages.
Moreover, our inferences are dependent on our taxon sampling. We carefully assembled a sampling of
Metazoa thatbalanced phylogenetic breadth and evenness; there are many more triploblast lineages
that we could haveisampled and inclusion of these would surely increase the number of recent LGT
events inferred. However, early-diverging lineages lack of similar levels of sampling and so creating
additional unevenness would introduce further bias. Future studies with additional taxa will surely
change the details of inferences on LGTSs as increasing taxon sampling from lineages across the
metazoan tree offife will increase the power of the analyses, allowing future studies to more easily

assess the pattern of interdomain LGTs over time.
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Figure 1: Example of a gene present only in Metazoa and bacteria/archaea

This single-gene tree is for the gene URAD, a gene involved in a uric acid degradation pathway,
which was transferred during event D (see Table 1, S2, and Figure 3). The phylogeny was built from
the URAD'gene sequences that were present in any of the 910 taxa in our pipeline, serving as an
examplesofiasgenespresent only in Metazoa and bacteria/archaea (e.g. presence/absence data). Colors

correspondingitermajor taxonomic groups are labeled in the bottom right corner.
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Figure 2: Tree topology trends in genes laterally transferred twice

Diagrams summarizing the two trends found in the topology of genes laterally transferred twice. A)
Describes genes that were also transferred into one other eukaryotic supergroup in addition to a
transfergnto Metazoa. B) These topologies showed EGT in addition to the LGT from bacteria/archaea

into Metazoa. See text for further details.
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Figure 3: Estimate of LGTs across the metazoan tree of life

We charted LGTs onto a synthetic tree of metazoan evolution to approximate the time of transfer for
each gene analyzed in this study. The tree includes only the Metazoa whose genomes contained one of
the 58 laterally“transferred genes found in this study (see table S1 for a complete list of metazoan taxa
in the pipeline).“The letters in the square boxes are categories that bin the LGT events found in this
study by the approximate time of transfer. The table at the bottom provides a numerical summary of
how many genes were found per event, and the letters correspond to Table 1 as well as Table S2 for
more detailed.information on the genes within that event. The star denotes when a sequestered
germline developed. See methods for detailed information on how this synthetic tree was created.

Branch lengths are not proportional to time.
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